Patients with severe infections almost invariably exhibit evidence of activation of the coagulation system. The lungs are amongst the most frequently affected organs during severe infection and sepsis. The abundant presence of intravascular and extravascular fibrin appears to be a specific hallmark of acute lung injury after sepsis. Tissue factor (TF) is regarded to be the primary initiator of coagulation in severe infection. Effective blockade of the TF pathway, either by recombinant TF pathway inhibitor or by anti-TF antibodies in experimental sepsis, attenuates lung injury and partially prevents pulmonary dysfunction. In addition, inhibition of the activity of TF prevents local activation of coagulation in models of pneumonia. The TF pathway can influence inflammatory signaling by activation of protease activated receptor-1 and -2. This review presents the most recent data on the crosstalk between TFmediated coagulation and inflammation, with a specific emphasis on these processes in the lung.
Introduction
Disseminated intravascular coagulation (DIC) is an acquired syndrome that is characterized by intravascular activation of coagulation and loss of localization, and complications that compromise blood supply to organs. Bacterial infection is the most common cause of DIC, and both Gram-negative and Gram-positive organisms have been identified as causative pathogens, although coagulopathy may be more pronounced in infections caused by Gram-negative bacteria [1] .
DIC is commonly seen in sepsis, and particularly in septic shock, in which the incidence is somewhere between 30% and 50% [2] . Understanding the pathogenetic mechanisms of the coagulation imbalance seen in DIC is particularly important, because of the role played by DIC in the development of multiple organ failure. Several concurrent mechanisms contribute to the pathogenesis of DIC. Bacterial lipopolysaccharide (LPS) and other bacterial products, as well as proinflammatory cytokines, all promote fibrin deposition through three main pathways [3, 4] : tissue factor (TF)-mediated thrombin generation; dysfunctional physiological anticoagulant mechanisms; and impaired fibrin removal due to depression of the fibrinolytic system by plasminogen activator inhibitor-1. All three of these mechanisms contribute to fibrin deposition in DIC. Severely reduced anticoagulant capacity and inhibited fibrinolysis, in conjunction with a massive activation of coagulation, lead to excessive fibrin formation and consumption of clotting factors and inhibitors.
In recent years it has become clear that tightly regulated interactions exist between coagulation and inflammation during sepsis. In this review we focus on the role played by TF in the activation of coagulation and inflammation that occurs during severe infection, with a particular emphasis on these processes in the lungs.
Roles played by tissue factor and tissue factor pathway inhibitor in coagulation
Coagulation activation in sepsis is primarily driven by the TF pathway. TF, a 47 kDa transmembrane glycoprotein, is a potent stimulator of the extrinsic coagulation cascade and an essential mediator of coagulation [5, 6] . It is not exposed to circulating blood in a resting state, but it becomes exposed on the surface of mononuclear cells and endothelial cells when they are stimulated by bacteria or by bacterial products such as LPS and proinflammatory cytokines. Alternatively, TF located at extravascular sites, such as on adventitial fibroblasts and vascular smooth muscle cells, can become exposed to blood at sites of vascular injury or disruption of the endothelium.
Review
Tissue factor as an initiator of coagulation and inflammation in the lung TF binds and activates factor VII. The TF-activated factor VII (FVIIa) complex that is generated after exposure of TF presenting cells to blood initiates coagulation activation by activating factor X. Activated factor X (FXa) allows conversion of prothrombin to thrombin, although this reaction occurs to a significant extent only after thrombin-induced feedback activation of factors VIII and V, which are nonenzymatic cofactors in the tenase and prothrombinase complexes, respectively. FXa activates prothrombin more than 10 5 -fold more efficiently in conjunction with activated factor V than in the absence of activated factor V, resulting in abundant formation of fibrin and clotting [6] .
Of note, besides in its traditional cell-associated form, TF antigen and procoagulant activity have also been detected in cell-free plasma [7] . Circulating TF resides in microparticles that can be shed from leukocytes, endothelial cells, vascular smooth muscle cells, and platelets [4, 6] . Intravenous injection of LPS into healthy humans resulted in an increase in TFcontaining microparticles of up to 800% [8] . Moreover, TF and associated procoagulant activity have been detected on microparticles derived from platelets and granulocytes in patients with meningococcal sepsis [9] . Recently, alternatively spliced TF (lacking exon 5) was discovered as a soluble form of TF, which circulates in blood and may exert procoagulant activity, expanding the concept of 'circulating TF' by a further element [10] . Alternatively spliced TF is released from endothelial cells upon stimulation with proinflammatory cytokines [10] . The plasma concentration of alternatively spliced TF may be of use as a clinical marker of inflammationinduced coagulation activation. The predominant posttranslational mechanism by which TF activity is regulated is through so-called encryption and decryption, reflecting processes of self-association and dissociation, respectively [6] . Although the encrypted form of TF is inactive, the decrypted form has procoagulant activity.
Thrombin generation via the TF pathway is normally rapidly controlled by TF pathway inhibitor (TFPI). TFPI is predominantly expressed by endothelial cells (up to 90% of the total intravascular pool) and in addition by platelets [6, 11] . TFPI binds with high-affinity to TF-FVIIa and FXa present in plasma and on endothelial cells. TFPI contains three Kunitz (K) domains, each of which plays a specific role in inhibiting TF (Figure 1 ). The K2 domain initially binds FXa, and then the TF-FXa complex binds to TF-FVIIa via the K1 domain. The role of the K3 domain is not fully understood but it is thought to be involved in endothelial binding. Notably, in humans TFPI mRNA is alternatively spliced to produce TFPIα and TFPIβ [11] . TFPIβ, in which the K3 domain is absent, is the main regulator of TF activity, although this isoform accounts for only 20% of total TFPI.
Inhibition by TFPI of the TF pathway occurs by TFPI forming a stable complex, preventing factor X activation and conversion of prothrombin to thrombin. The complex is formed by binding FXa followed by FXa-dependent binding of TF-VIIa. Under physiological conditions, TFPI is attached to the endothelium via proteoglycans (glycosaminoglycans bound to a core protein), which facilitates its TF-FVIIa-factor X inhibiting properties on the endothelial surface [12] . In sepsis proinflammatory cytokines reduce the synthesis of glycosaminoglycans on the endothelial surface, which probably impairs TFPI function. Although studies of TFPI activity in situations of TF-induced coagulation have yielded contradictory results, an increase in plasma TFPI activity in meningococcal sepsis has been associated with more severe coagulation and mortality, supporting the hypothesis that TFPI works less efficiently when it is not attached to the endothelium [13] . The role played by endogenous TFPI in anticoagulation in sepsis is illustrated by the fact that immunodepletion of TFPI-sensitized rabbits to LPS-induced DIC and the generalized Shwartzman reaction [14, 15] .
The pivotal role of TF in activation of coagulation during a systemic inflammatory response syndrome, such as that produced by endotoxemia or severe sepsis, has been established in numerous experiments. Generation of thrombin in humans intravenously injected with a low dose of LPS was preceeded by an increase in TF mRNA levels in circulating blood cells, enhanced expression of TF on circulating monocytes, and release of TF-containing microparticles [8, 16] . Similarly, baboons infused with a lethal dose of Escherichia coli exhibited sustained activation of coagulation, which was associated with enhanced expression of TF on circulating monocytes, and patients with severe bacterial infection expressed TF activity on the surface of peripheral blood mononuclear cells [17] . More importantly, various strategies that prevent activation of the VIIa-TF pathway in endotoxemic humans and chimpanzees, and in bacteremic baboons abrogated the activation of the common pathway of coagulation [18] [19] [20] [21] [22] [23] . Accordingly, mice with an almost complete absence of TF had reduced coagulation, inflammation, and mortality relative to control mice upon administration of high-dose LPS [24] . Similarly, deficient TF expression by hematopoietic cells reduced LPS-induced coagulation, inflammation, and mortality, which suggests that hematopoietic cells are the major pathologic site of TF expression during endotoxemia [24] .
The potential of recombinant TFPI as a therapeutic entity in severe bacterial infection has been demonstrated by a double-blind, randomized, placebo-controlled study in which two groups of eight healthy male volunteers received LPS, administered on two separate occassions, followed by one of two doses of TFPI (0.0125 mg/kg or 0.05 mg/kg) or placebo [18] . Administration of LPS resulted in activation of thrombin generation, as reflected by significant increases in the plasma levels of thrombin-antithrombin complexes (TATc). At the higher TFPI dose, the LPS-induced increase in thrombinantithrombin complexes was almost completely prevented, and low-dose TFPI tended to decrease thrombin-antithrombin complex formation. Experiments in baboons have demonstrated that TFPI prevents coagulation activation during severe E. coli sepsis [20, 22] . In these animal models of lethal sepsis, inhibition of coagulation using recombinant TFPI not only prevented DIC and fibrinogen consumption, but it also protected against death.
Tissue factor in the lungs during sepsis caused by extrapulmonary infection
A major role for TF in activating coagulation in the pulmonary compartment has been suggested [5, 25] . In the lung, TF is expressed by alveolar macrophages and respiratory epithelial cells. E. coli sepsis in baboons resulted in a profound upAvailable online http://ccforum.com/content/12/S6/S3
Figure 1
The anticoagulant action of TFPI. (a) The structure of TFPIα. Adapted with permission from Monroe and Key [6] . The anticoagulant action of TFPI is a two-stage process. (b) The second Kunitz (K2) domain binds first to a molecule of Xa and deactivates it. (c) The first Kunitz domain (K1) rapidly binds to an adjacent TF-VIIa complex, preventing further activation of X. The formation of this quaternary compound is necessary for the inhibitory action of TFPI on the TF-VIIa complex. TFPI can bind TF-VIIa, but this interaction is weak. The TFPI-Xa interaction is strong, whereas the interaction between TFPI-Xa and TF-VIIa is very strong and results in an essentially irreversible complex: TFPI-Xa-TF-VIIa. TF, tissue factor; TFPI, tissue factor pathway inhibitor; VIIa, activated factor VII; X, factor X; Xa, activated factor X. regulation of TF on alveolar epithelial cells, macrophages, and endothelium [26, 27] . The notion that extrapulmonary infection may cause TF-dependent activation of coagulation in the lungs received support from a recent investigation conducted in patients with peritonitis [28] . Bronchoalveolar lavage (BAL) samples were obtained from these patients, who did not suffer from clinically detectable lung disease, on the day of surgery and -where possible -on days 2 and 3 thereafter. Remarkably, BAL fluid levels of TF and FVIIa were higher in patients with peritonitis than in control patients undergoing elective surgey or mechanical ventilation.
Inhibition of the TF pathway in experimentally induced sepsis in baboons was associated with markedly reduced lung injury, as reflected by histopathology, protein leak, wet/dry weight, and largely preserved lung function, as measured by gas exchange and lung compliance [29] [30] [31] . Accordingly, in rats challenged with high-dose LPS intravenously, recombinant TFPI not only attenuated activation of coagulation but also markedly diminished lung injury and pulmonary edema [32] . Moreover, in mice with abdominal sepsis caused by intraperitoneal infection with E. coli, inhibition of the TF pathway by administration of the recombinant nematode anticoagulant protein c2 (rNAPc2) prevented not only systemic but also pulmonary coagulopathy [33] . The hypothesis that increased TF-dependent procoagulant activity in sepsis may be due, in part, to decreased expression or function of TFPI in the lung is supported by work recently conducted in septic baboons [27] . That study identified increased pulmonary levels of TF protein, mRNA, and activity, whereas TFPI protein, mRNA, and activity were concurrently reduced. Of interest, passive immunization against endogenous TFPI was associated with increased deposition of fibrin in the lung. These findings are consistent with a role for TF in pulmonary coagulation, whereas the relatively low levels of TFPI in septic lungs suggest an important role for TFPI in normal lung in preventing local coagulation.
The role of tissue factor in primary lung inflammation and infection
Although there are relatively little data on TF expression in acute respiratory distress syndrome (ARDS), one study has shown that in lungs TF is produced by alveolar macrophages and alveolar epithelial cells [34] . TF production by the alveolar compartment indicates that the alveolar epithelium expresses TF when it is exposed to inflammatory cytokines. Exposure of cultured alveolar epithelial cells (the cancer cell line A549) to human pulmonary edema fluid from patients with acute lung injury or ARDS induced TF expression in a dose-dependent and time-dependent manner; in contrast, little TF expression was seen in control lungs [34] . Although alveolar epithelial cells can produce TFPI, the amount of this endogenous protein is not sufficient to block increased TF procoagulant activity due to inflammation [35] .
ARDS and pneumonia are associated with local activation of coagulation within the airways mediated by the TF pathway.
Patients with ARDS and/or pneumonia exhibited elevated TF and FVIIa activity in BAL fluid, together with decreased activity of the fibrinolytic system caused by enhanced release of plasminogen activator inhibitor-1 [36] . In accordance with this, patients who developed ventilator-associated pneumonia exhibited increased concentrations of thrombin-antithrombin complexes in lavage fluid collected from the airways, together with increases in soluble TF and FVIIa levels; these procoagulant changes were detected several days prior to clinical and microbiological diagnosis of pneumonia [37] . Of note, the procoagulant response to respiratory tract infection was found to occur in a compartmentalized manner; the changes in fibrin generation were restricted to the primary site of infection in patients with community-acquired pneumonia [38] or ventilator-associated pneumonia [39] . Additionally, a recent investigation provided evidence that mechanical ventilation per se can cause pulmonary activation of coagulation in healthy human lungs through activation of the TF pathway [40] .
Experimental studies have revealed that bacterial antigens can directly activate the coagulation system in the lung. Although the host response to LPS, as a proinflammatory antigen of Gram-negative pathogens, has been well defined for many years, it was not until recently that progress was made in elucidating the pulmonary host response to infection with Gram-positive pathogens. Such studies have used exposure to lipoteichoic acid (LTA), a major constituent of the membrane of Gram-positive organism with many biologic properties in common with LPS [41, 42] . In vitro and animal studies have shown that the cellular recognition and signaling receptors for LTA and LPS are Toll-like receptor 2 and 4, respectively [43] . Inhalation of nebulized LPS or bronchial instillation of LPS into a lung subsegment induced activation of coagulation in the bronchoalveolar space of healthy human volunteers [44] [45] [46] [47] . This localized procoagulant response was accompanied by simultaneous downregulation of anticoagulant and fibrinolytic pathways, thereby further enhancing the procoagulant state in the lung [44] [45] [46] [47] . The first data are now emerging regarding the human response to LTA in vivo [47] . In this study, segmental instillation was used to assess host responses in 24 healthy male volunteers. Using a flexible video bronchoscope, sterile saline was instilled into the right middle pulmonary lobe, followed by instillation of either LTA or LPS into the contralateral lung. This study provided the first evidence that LTA (like LPS) elicits an inflammatory response in the human lung together with local activation of coagulation. Indeed, instillation of LTA (or LPS) resulted in a marked dose-dependent increase in the number of cells recruited into BAL fluid, due to recruitment of neutrophils, whereas a concurrent rise in TATc and soluble TF levels reflected pulmonary coagulation activation [47, 48] .
Animal studies on acute lung injury and pneumonia in which the TF pathway was blocked have indicated that TF indeed plays a key role in pulmonary coagulopathy in these conditions. In rats that received LPS intratracheally, intravenous infusion of site-inactivated FVIIa (which effectively blocks the TF pathway) decreased intraalveolar inflammation and fibrin deposition, which was accompanied by decreased pulmonary protein leakage and cytokine release [49] . In a mouse model of community-acquired pneumonia in which Streptococcus pneumoniae was instilled intranasally, enhanced TF expression was observed in infected mice compared with control mice; inhibition of TF-FVIIa by rNAPc2 attenuated the procoagulant response in the lung, highlighting the central role played by TF in this process [38] . Investigation of the effect of natural anticoagulants in development of S. pneumoniae pneumonia in the rat revealed that administration of TFPI, activated protein C, and antithrombin all significantly limited procoagulant changes [50] . Of interest, of these anticoagulants, only antithrombin reduced the bacterial load and the associated histopathologic changes in the lungs of infected rats [50] .
The link between coagulation and inflammation
Protease-activated receptors (PARs) are emerging as important mediators of cellular responses to tissue injury, and are implicated in crosstalk between coagulation and inflammation [51] . The archetypal PAR is PAR1, which is a seven transmembrane domain, G-protein-coupled receptor. The amino terminus of PAR1 contains a protease cleavage site that, once cleaved by thrombin, results in a new amino terminus. The new amino-terminal sequence, SFLLRN, acts as a tethered ligand and binds intramolecularly to the heptahelical body of the receptor to effect transmembrane signaling and G-protein activation within the cell [51] . In total, four PARs (1 to 4) have been identified, each of which can be activated by several proteases, resulting in exposure of the 'hidden' ligand and signal transduction (Figure 2) . Thrombin is an essential player in PAR activation because this enzyme can activate PAR1, PAR3, and PAR4.
The TF pathway can influence inflammation via interactions with PAR1 and PAR2 (Figure 3) . The TF-FVIIa-FXa complex can signal through PAR1 and PAR2; in endothelial cell cultures stimulated with cytokines, signaling through PAR2 predominates [52] . Free FXa can also activate PAR1 and PAR2, although signaling of the ternary TF-FVIIa-FXa complex is at least fivefold more efficient [52] . Thus, although TF-FVIIa and FXa can activate PAR2 and PAR1 plus PAR2, respectively, relatively high concentrations are required, which has raised doubts regarding the biologic relevance of signaling by these upstream coagulation proteases. In contrast, FXa within the transient TF-FVIIa-FXa complex is a highly efficient activator of PAR1 and PAR2 at concentrations that are physiologically achievable [5] . Notably, because FXa exerts its procoagulant activity only after dissociation from TFFVIIa, cell signaling by the TF-FVIIa-FXa complex precedes TF-dependent coagulation. As such, cell signaling via PAR1 and PAR2 is directly coupled to the mechanism by which TF initiates coagulation [5] .
The roles played by the two PARs that are known to be influenced by the TF pathway in endotoxemia and sepsis, namely PAR1 and PAR2, have been the topic of several investigations. In an early study, mice deficient in either PAR1 or PAR2 administered high-dose LPS exhibited unaltered inflammation and survival [24] . However, a combination of thrombin inhibition by hirudin and PAR2 deficiency reduced inflammation and mortality [24] . In another investigation conducted in mice with LPS-induced shock, mice deficient for PAR1, PAR2, PAR4, or PAR1 plus PAR2 did not exhibit improved survival or decreased cytokine responses compared with wild-type mice [53] . Together these studies suggest that multiple PARs mediate crosstalk between coagulation and inflammation during endotoxemia.
Kaneider and coworkers [54] utilized cell penetrating peptides (so-called pepducins) to delineate the roles played by PAR1 and PAR2 in LPS shock and sepsis induced by cecal ligation and puncture. Using either agonistic or antagonistic pepducins targeted at PARs, they provided evidence that activation of PAR1 is harmful during the early phases of endotoxemia and sepsis, facilitating pulmonary leak and DIC, but that it becomes beneficial at later stages in a PAR2-dependent way by a mechanism that involves a timedependent switch in the inflammatory functions of endothelial PAR1, dependent on the ability of PAR1 to transactivate PAR2. Specifically, LPS first induced barrier-disrupting effects on the vascular endothelium and activation of coagulation. However, subsequently -by a negative feedback loop -stimulation of the endothelium with LPS induced relocalization of PAR1-PAR2 complexes to the plasma membrane, whereupon PAR1 switched its signaling by transactivation of PAR2 protective pathways, resulting in barrier repair and inhibition of DIC. This intriguing time-dependent switch of PAR1 from an exacerbating receptor to a protective one is consistent with studies showing that PAR1 deficiency conferred no net survival benefit in models of endotoxemia or sepsis [24, 53, 54] . Remarkably, PAR1 deficiency was reported to protect mice against LPS-induced lethality in a LD80 (80% lethal dose) model of endotoxemia [55] . Although PAR1-deficient mice initially developed levels of inflammatory markers indistinguishable from those in wild-type mice, they exhibited reduced late-stage inflammation, as indicated by a reduction in interleukin-6 and interleukin-1 levels 12 hours after LPS injection. When wild-type mice were treated with the thrombin inhibitor hirudin or a PAR1-specific antagonist 10 hours after LPS challenge, both interventions protected against lethality. Reconstitution of inflammation in PAR1-deficient mice could be achieved by adoptive transfer of wildtype bone marrow or of purified dendritic cells.
In a series of elegant experiments, support was provided for the hypothesis that a severe infection starts with a local inflammation resulting in systemic release of inflammatory mediators, which may cause vascular dysfunction [55] . This early response also involves a procoagulant response, which is TF mediated. In this early phase, coagulation and inflammation do not interact, but later there appears to be a tightly regulated interaction between coagulation and inflammation, driven by the interaction between thrombin and PAR1, and specifically PAR1 expressed by dendritic cells. These findings suggest a mechanism by which dendritic cells play a key role in lymphatic dissemination of coagulation and inflammation in deregulated innate immune responses during ongoing sepsis and endotoxemia [55] . Clearly, the studies on the roles played by PAR1 and PAR2 in endotoxic shock and sepsis discussed here [24, [53] [54] [55] are not entirely consistent, although differences can be explained -at least in part -by differences in the severity of the insults.
With respect to the functions of PAR1 and PAR2 in the lungs, these receptors have been implicated in inflammatory and fibroproliferative processes in the pulmonary compartment [56] . PAR1 plays an important role in the acute inflammation and chronic fibrotic phase of bleomycin-induced lung injury; PAR1 deficiency was associated with less inflammatory cell recruitment, collagen accumulation, and expression of profibrotic factors in this model [57] . TF may be involved in this mechanism, considering that intratracheal gene transfer of TFPI not only attenuated pulmonary coagulation in the same model but also the associated fibrotic response [58] . Data on the role of PAR2 in lung inflammation are somewhat contradictory. Protective anti-inflammatory effects of PAR2 activation in mice were documented in rodent models of LPS-induced lung injury [59, 60] . In contrast, intrapulmonary delivery of a PAR2-activating peptide resulted in enhanced inflammation and lung leakage in another study [61] , and PAR2 was found to exert a similar proinflammatory role in models of asthma [62, 63] . Among mice with Pseudomonas aeruginosa pneumonia, those with PAR2 deficiency exhibited diminished clearance of bacteria from the respiratory tract caused by reduced capacity of PAR2-deficient neutrophils to phagocytose and kill Pseudomonas [64] .
It should be noted that TF inhibition did not result in attenuation of inflammation in all models examined. For example, during human endotoxemia, recombinant human TFPI completely prevented activation of coagulation while not influencing the release of proinflammatory cytokines into the circulation [18] . Conceivably, the crosstalk between TF-driven Activation of PAR1 and PAR2 by the TF pathway. In the transient TF-VIIa-Xa complex, Xa is an efficient activator of PAR1 and PAR2. Downstream TF-dependent coagulation occurs after dissociation of Xa from this ternary complex. This essential procoagulant event results in less efficient PAR signaling because either TF-VIIa or free Xa is less capable of PAR activation than the TF-VIIa-Xa complex. Adapted with permission from Ruf and Riewald [5] . PAR, protease activated receptor; TF, tissue factor; VIIa, activated factor VII; Xa, activated factor X. coagulation and PAR-driven inflammation is dependent -at least in part -on the severity of the primary insult and the organ that is affected.
Altogether, there is ample evidence for significant roles of PAR1 and PAR2 in sepsis and lung injury. Further studies are warranted to define more precisely the involvement of PAR1 and PAR2 signaling in these conditions and the contribution that the TF pathway makes in this setting.
Conclusion
Activation of coagulation is an important part of the initial host response to tissue injury and/or upon the first encounter with a pathogen. TF is the key mediator of coagulation activation. In addition, the TF pathway can influence inflammatory cell signaling via PAR1 and PAR2, in particular through the transient ternary TF-FVIIa-FXa complex. All components that contribute to the procoagulant and proinflammatory effects of the TF pathway are expressed in the lungs, which probably explains -at least in part -the lung-protective effects of TF inhibition in models of sepsis or lung injury. In the years to come it will be a challenge to unravel further the precise molecular mechanisms that contribute to the effects of activation of the TF pathway in the lungs and other organs.
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